A series of ring shear tests was conducted to investigate the development of particle breakage with shear strain for a carbonate sand. It was found that at very large displacements the soil reached a stable grading, but that the final grading was dependent on both the applied normal stress and the initial grading. The particle breakage caused a volumetric compression, which again ceased only when the stable grading had been attained, emphasising that critical states as observed at much smaller strains in triaxial tests are not rigorously defined. Despite the severe degradation of the soil particles the mobilised angle of shearing resistance was found not to change significantly.
INTRODUCTION
By means of triaxial testing over an extended range of pressures, Coop & Lee (1993) concluded that for a variety of sands of different mineralogies there was a unique relationship between the amount of particle breakage that occurred on shearing to a critical state and the value of the mean normal effective stress. The identification of a unique critical state line was then used as the basis for a critical state framework for sands at both large strains and small (Jovicic & Coop, 1997) and for the analysis of the behaviour of geotechnical structures in sands, such as driven piles (Klotz & Coop, 2001) . The approach had much in common with the state parameter framework of Been & Jefferies (1985) .
The implied assumption in the framework was that at the critical state a sand would reach a stable grading at which the particle contact stresses would not be sufficient to cause further breakage. An alternative assumption, based on the work by Chandler (1985) for material with deformable grains and implemented by Baharom & Stallebrass (1998) for soils with breakable grains, is that a critical state reached in the triaxial apparatus represents a balance between volumetric compression arising from particle breakage and volumetric dilation from particle rearrangement. Luzzani & Coop (2002) identified that there was some doubt, particularly at higher stress levels, as to whether samples did reach a true constant-volume state in triaxial tests and therefore whether the particle breakage had completely ceased. To investigate this further they carried out ring shear tests on two sands, one with a quartz and one a carbonate mineralogy. In both cases particle breakage was found to continue to strains very much higher than those reached in the triaxial apparatus, so confirming the hypothesis that any constant-volume state observed in a triaxial test must be the result of counteracting components of volumetric strain and not because a stable grading has been reached. However, the displacements or strains that were achievable in their tests were insufficient to see whether the soil would eventually reach a stable grading or not. For tests on the carbonate sand at one stress level a constant ratio was found between volumetric strain and the amount of particle breakage as quantified with relative breakage, B r , defined by Hardin (1985) , suggesting that the volumetric strain would cease only when particle breakage stopped and a stable grading was reached.
Through improved testing techniques it has proved possible to reach higher displacements in the ring shear apparatus, allowing an investigation to be made of the evolution of grading at even larger strains, so identifying whether or not a stable grading is ever reached. As for most of the tests presented by Luzzani & Coop, a carbonate sand has been used for this study, to maximise the breakage and so minimise the strains that would be required to reach a constant grading, should it exist. However, the patterns of behaviour are likely to be applicable to sands of other mineralogies, although it is still not possible to reach the even higher strains that would be required to confirm the conclusions presented here for a quartz sand. Luzzani & Coop also restricted their investigation to one initial grading and loose samples at higher stress levels, so that the carbonate sand was starting from an initial state that was on its normal compression line, or limiting compression curve (Pestana & Whittle, 1995) . Here a variety of gradings, densities and stress levels has been investigated.
MATERIAL TESTED AND PROCEDURES
The soil tested was Dog's Bay sand, a biogenic carbonate sand that was tested extensively in the triaxial apparatus by Coop (1990) and Coop & Lee (1993) . The particles are predominantly foraminifera and mollusc shells and shell fragments, and so are angular with frequent intra-particle voids. They are also delicate, and break easily under load. As has been observed by others and is confirmed here, particle breakage is greater for uniformly graded than for well-graded sands, and so to maximise the breakage most of the tests were conducted on soil from the sieve interval 300-425 ìm. To investigate the effects of particle size a test (RS7) was also carried out on a second uniform grading defined between the 212 ìm and 300 ìm sieve sizes. Another test (RS8) investigated the influence of the uniformity of the initial grading, for which a well-graded sample was created with 25% of the particles from each of the four sieve intervals 63-150 ìm, 150-212 ìm, 212-300 ìm and 300-425 ìm. In each case the initial particle size was defined carefully by wet-sieving the soil into its constituent particle sizes before selecting the grading to be used or reconstituting a sample in the chosen proportions.
Ring shear tests were conducted in the Bishop type of apparatus (Bishop et al., 1971) , which allows the shearing to occur at the mid-height of the sample by means of split confining rings. This system also allows the friction lost on the side walls to be quantified by measuring the resistance to raising the upper rings, so creating a gap between the two sets of rings. During the 'gap open' stages, the shear stress applied to the sample may also be measured, whereas when the gap is closed the shear stress is unknown owing to the friction between the two pairs of rings. However, these gapopen stages were reduced to a minimum as the displacement that could be reached during a test was determined by the amount of soil lost through the gap between the rings, which accelerated for the gap-open stages. All tests were stopped before the sample became so thin that the fins attached to the top platen would enter the central part of the sample, which is that principally used for the particle size analysis as described below. It is the loss of soil through the gap, which occurs even when the gap is closed, that prevents a similar investigation being carried out for a quartz sand, as the displacements required to reach a constant grading would be very much larger.
A summary of the tests undertaken is given in Table 1 . Tests denoted LC are those that were previously presented by Luzzani & Coop (2002) . The net vertical effective stress (ó 9 v ) quoted for each test includes the deduction made for the side friction. The nominal vertical stresses applied were 1 MPa (LC1-4 & RS1-8), 400 kPa (RS9-14) or 100 kPa (RS15-19), and it is the side friction that accounts for the variation in ó 9 v . Whereas for the tests that were stopped at smaller displacements the side friction was fairly constant, that for the tests taken to very large displacements varied significantly, largely because of the changing sample thickness, and so a range is given for the net vertical stress.
The uniformly graded samples were created by water pluviation, but moist tamping had to be used for the wellgraded sample to avoid segregation, after which the water bath was flooded to saturate the samples. Denser samples were created in five layers using gentle hand-tamping of each layer after pluviation. Shearing was conducted at a rate of about 1 . 9 mm/min for consistency with previous work.
The data are presented in this paper in terms of shear and vertical strains rather than displacements, so that:
where äh and äv are the horizontal and vertical displacements and H 0 is the initial sample height. Although the particle size data do indicate some non-uniformity of strains, albeit not excessive, presenting the data in terms of strains has the advantage that qualitative comparisons are more easily made with data from other apparatus. One objective of this research is also to emphasise the very large strains that are required to reach a stable grading, and this is better achieved by plotting strains rather than displacements. However, it should be stressed that the values of strain are purely notional, and that both vertical and shear strains are likely to be similarly affected by strain localisation. The vertical strains have been corrected for the soil lost through the gap between the rings during shearing, and are based on the weight of soil recovered from outside the rings after the test. As discussed above, the rings were kept closed for most of the test to minimise the loss. Although the soil loss accelerated during the gap-open stages, it is not known by how much, and as for these tests the gap-open stages Luzzani & Coop (2002) .
were few, most of the soil loss actually occurred during gap closed stages. The simple assumption has therefore been made that the correction to the vertical strain is proportional to the displacement, regardless of whether the gap was open or closed, although this does mean that for the gap-open stages there is a jump in vertical strain, which represents the acceleration of soil loss. A detailed comparison between uncorrected and corrected data was made by Luzzani & Coop (2002) . For the test at the higher stress level that reached the largest strain (RS8) the correction represented a reduction of the volumetric strain by 5 . 4% on a total measured value of about 26%, but the corrections for most of the other tests were much smaller. Following each test the soil was carefully retrieved from the apparatus in three layers. The central layer, Zone 2, was that within AE2 . 5 mm of the split in the rings; Zone 1 was that soil above and Zone 3 the soil below. Luzzani & Coop found that the particle breakage in Zones 1 and 3 was always similar, but that there was significantly higher breakage in Zone 2, confirming some non-uniformity of strains. For some of the tests taken to the largest strains at the highest stress levels a well-defined band of shearing could be identified after the test, with a cohesive central zone of soil that separated easily from the remainder of the sample, in which case the soil in this band was taken as Zone 2. An example is shown in Fig. 1 . However, it was found that the thickness of the shear band was in any case generally around 5 mm.
Following the tests the final particle size distribution was determined by wet-sieving by hand, which was complemented by sedimentation tests using the hydrometer method in some cases. For some tests the particle size distribution of only Zone 2 was determined, whereas in other cases all three zones were examined. The amount of particle breakage was quantified by means of Hardin's (1985) relative breakage, B r , the definition of which is given in Fig. 2 . This is partly for consistency with previous work. However, there are many means of quantifying breakage that have been chosen by different authors. In particular, the total surface area of the particles, as used for example by Miura & Yamanouchi (1977) and Miura & O-Hara (1979) , has many advantages, but the general assumption made in calculating the surface area is that the particles are spherical. Dog's Bay sand was chosen for this study as it highlights particle breakage, and-as will be seen later-many of the conclusions reached might not have been possible for sands with stronger, solid and spherical particles. However, one disadvantage is that the delicate, open and angular particles that promote breakage also mean that an assumption of a spherical shape would be unjustifiable. For simplicity, and again for consistency with previous work, rather than defining B r from the baseline of the US standard 74 ìm sieve, the British Standard 63 ìm sieve size has been used, but this makes only a small difference to the values calculated. VOLUME CHANGE AND EVOLUTION OF GRADING Figure 3 shows the volumetric strains measured for a selection of the tests. The jumps in the data, for example at around 500% shear strain for test RS8, result from the gapopen stages, for which there was an acceleration of soil loss through the gap that is evident even after the data have been corrected, because the correction has assumed that the loss is proportional to the displacement irrespective of whether the gap is open or not, which, as discussed above, is inaccurate. Tests often ended with a gap-open stage to check the final stresses, and so jumps in the data of this kind are sometimes evident at the end of the data. Nevertheless, the volumetric strain data do indicate that for most of these tests, which were carried out at vertical stress levels in the range 650-860 kPa, a constant volumetric strain is reached at a shear strain of around 2000%. It had been intended that each of these tests (RS3, RS5 and RS7) should have had similar vertical stresses. (2002) the vertical stress could be controlled with reasonable accuracy, but here greater difficulty was experienced in achieving a particular vertical stress, particularly at the higher stress levels. This was first because the side friction was found to be much more variable in the ring shear apparatus used, and second because at the very large strains reached the side friction was found to vary significantly during the test.
In Fig. 3(b) it can be seen that the tests at lower stress levels (RS8, RS13, RS15) take much larger strains for the volumetric strain to stabilise, with about 20 000% required for test RS13 at 288-386 kPa. For test RS15 at 60-77 kPa the volumetric strain initially shows the dilation that would be seen at smaller strain levels in triaxial tests, but then the volume change becomes compressive, although very slow, and it had just about stabilised when the test was terminated at 147 000%. At low shear strains the volume change is highly dependent on the confining stress, with, as expected, low stress level tests dilating and those at higher stresses compressing. However, the large volumetric compression that appears at very large shear strains for all stress levels as a result of particle breakage seems to be much less dependent on stress level.
Tests RS3, RS5 and RS7 all have similar final volumetric strains. Test RS3 was at a slightly lower stress level, but on a slightly looser sample than test RS5, factors that may have counteracted each other. However, test RS7, which is on a sample with a grading that is again uniform, but in this case finer, reaches a similar final å v . Test RS8, which is on a well-graded sample, also reaches a constant å v at a similar shear strain to the other tests, but the ultimate value is lower.
In Fig. 4 the particle size distributions are shown with both the usual linear and logarithmic percentage passing axes for all tests conducted with a vertical stress in the range 650-930 kPa. The variation in vertical stress undoubtedly adds to the data scatter, but this range represents the extreme stresses, and most tests have an average stress in the range 750-850 kPa. Despite the variation of vertical stress a number of interesting features can be observed. Data are also repeated here from the tests at smaller shear strains by Luzzani & Coop (2002) for completeness, one of which (LCSB1) at the smallest strains was conducted in a shear box rather than a ring shear apparatus. The 'no shearing' curve represents the particle grading of the soil subjected to one-dimensional loading to a vertical stress of 800 kPa in the oedometer.
Comparing tests RS2, RS3 and RS4 with the particle size distributions from tests that reached smaller shear strains, it is evident that, just as å v stabilised at around 2000-4000% shear strain, so does the grading. Initially the grading changes rapidly with increasing shear strain, but the change from test RS2 (2860%) to test RS3 (11 100%) is very small.
Using a linear percentage passing axis gives a gradings curve that rotates around the largest particle size, but remains concave upwards. The rotation around the maximum particle size is similar to observations that McDowell & Bolton (1998) made for the compression of sands. With a logarithmic axis it is clear that the gradings curve evolves towards a linear distribution. McDowell & Bolton also identified that the particle size distribution of sands undergoing one-dimensional compression evolves with a fractal distribution, which results in a linear particle size distribution on the double logarithmic graph. They found that in compression the gradient was generally around 0 . 5, corresponding to a fractal dimension of 2 . 5. Here there again appears to be a tendency towards a fractal distribution, but with a slightly lower final gradient of 0 . 43 for test RS3 and so a fractal dimension of 2 . 57.
From the tests at lower stresses (Figs 5 and 6) it is clear that again there is a tendency at the largest strains towards a unique final gradings curve. However, the final gradings curves are different for each stress level, so that not only does the final amount of breakage reduce with stress level, but also the final gradings curve tends to become more curved even when double logarithmic axes are used. Figure 7 shows the final gradings curves for the two tests investigating the influence of initial grading. From Fig. 7(a) it can be seen that for the initially well-graded sample the final gradings curve for test RS8, which reached 11 710% shear strain, is slightly higher than that of the initially poorly graded samples. The difference is small, but significant when compared with the scatter of data from tests RS3 and RS5, which are those tests on the original 0 . 3-0 . 425 mm grading that are at the same stress level and are considered to have reached a stable final grading.
The finer but uniformly graded sample (RS7, Fig. 7(b) ) reached a final gradings curve that was again above that of the other samples at this stress level. In compression, McDowell & Bolton (1998) showed that the gradings curves at a given stress level for samples with similar initial uniformity of grading, but different absolute particle sizes, were all parallel. In Fig. 7(b) a reference line has been drawn that is approximately parallel to an average of the final gradings for tests RS3 and RS5, but passing through the maximum initial particle size of 0 . 3 mm for test RS7. It can be seen that the final gradings curve lies quite close to this. 
QUANTIFICATION OF PARTICLE BREAKAGE
For some of the tests on 0 . 3-0 . 425 mm samples in the stress range 650-930 kPa, the relative breakage has been quantified for all three zones, and the data from these tests are shown in Fig. 8 . The initial value of B r of 0 . 057 at zero shear strain is that caused by a vertical stress alone of about 800 kPa, from an oedometer test. There is significantly greater breakage in Zone 2 than in either Zone 1 or Zone 3, and the breakage in Zones 1 and 3 is similar. However, the breakage in all three zones stabilises at around 2000-4000%, which is similar to the strains required for the volumetric strain to stabilise at this stress level.
In Fig. 9 the ratio of the volumetric strain to the relative breakage has been calculated, and, as Luzzani & Coop had observed for lower strain levels, the ratio remains constant, confirming that the compressive volumetric strain is directly related to the particle breakage. The ratio is not much affected by either the uniformity of the initial grading (RS8) or the absolute particle size (RS7).
The evolution of the percentage passing within each particle size interval is illustrated in Fig. 10 . The data points shown at 1% are those from the oedometer test, but as a logarithmic strain scale has been used for clarity, these points have had to be plotted at a finite strain, thereby making the assumption, for the sake of the plot, that there is no breakage in the first 1% of shearing. None of the tests investigated breakage in the medium strain range, so the trends shown up to 100% shear strain are uncertain. However, the data for larger strains from the ring shear tests illustrate some interesting features. The percentage passing for the coarsest interval (0 . 3-0 . 425 mm) reduces rapidly, whereas that for the particles passing 0 . 063 mm sieve increases from almost zero at the start of the test, so that the Figure 11 summarises all the relative breakage data for Zone 2 for all the tests. A separate trend can be seen for each stress range. The scatter of data for each stress level is less than might have been expected from the range of stresses because the range represents the extreme stresses, as discussed above. At low strains the data must tend towards the B r value for oedometric compression only, and although there are no data in this region, for illustration a tentative curve has been sketched in for the tests in the 650-930 kPa range. At very large strains the value of B r at each stress level stabilises, but again it is clear that the final degree of breakage reduces as the applied vertical stress reduces. The strains required for stabilisation increase rapidly as the vertical stress reduces, and are similar to those required for the volumetric strain to become constant. Comparing the initial voids ratios in Table 1 with the data in Fig. 11 it is difficult within the data scatter to pick out any trend for the effect of initial density.
MOBILISATION OF STRENGTH
Mobilised angles of shearing resistance have been calculated as tan À1 ô=ó 9 v , where ô is the applied shear stress. These are plotted in Fig. 12 against a logarithmic strain scale. Whereas the peak ö9 mob at low strains depends on the density and stress level, after around a shear strain of about 30% all tests show an approximately constant value, with no tendency for any degradation of ö9 mob despite the severe particle breakage that the soil undergoes. Coop (1990) had shown that the critical state angle of shearing resistance for Dog's Bay sand was constant for all stress levels and did not reduce, as some authors had suggested, as a result of the particle breakage at higher confining stresses. From Fig. 12 it can now be seen that also particle breakage due to shearing has no significant effect on ö9 mob .
CONCLUSIONS
From this series of ring shear tests it may be concluded that particle breakage continues to very large strains indeed, far beyond those reached in triaxial tests. That particle breakage is accompanied by volumetric compression, and occurs even for tests at modest confining stresses. If an apparent critical or constant-volume state is seen in a triaxial tests, as Chandler (1985) and Baharom & Stallebrass (1998) assumed, it can only be as a result of counteracting dilative strains from particle rearrangement and compressive strains from particle breakage.
At very large strains a constant grading is reached, but that constant grading is dependent not only on the normal stress applied but also on the uniformity and absolute particle size of the initial grading. The mobilised strength is unaffected by the particle breakage.
The tests presented here were conducted on a carbonate sand. However, Luzzani & Coop (2002) found that even quartz sands at low stress levels were subjected to small amounts of particle breakage. It is perhaps logical that particle breakage cannot continue indefinitely, and so there must be final stable gradings for all sands, but the development of particle breakage with strain for other types of sand is too slow to allow the ring shear technique to be used to establish the final gradings because there would be excessive loss of soil through the rings.
These tests have shown conclusively that the 'critical state' that we see for a sand in a triaxial test is only a transient state of constant volume. Nevertheless, macroscopically it is still a valid constant-volume state for the strain levels reached in triaxial apparatus, and the critical state framework, based on triaxial tests, has been shown by others (e.g. Jovicic & Coop, 1997; Klotz & Coop, 2001 ) to be invaluable for understanding both the mechanics of sands and the behaviour of engineering structures in sands. When using such a framework, it should only be remembered that the critical state, as defined in a triaxial test, is not strictly rigorous, so that if the soil has the opportunity of shearing to very large strains or displacements, such as along a driven pile shaft, the behaviour of the sand might not be that expected from the critical state framework, and a continued particle breakage and volumetric compression would be seen, even if the mobilised angle of shearing resistance remained constant.
